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We theoretically investigate several types of plasmonic slot waveguides for enhancing the mea-
sured signal in Raman spectroscopy, which is a consequence of electric field and Purcell factor
enhancements, as well as an increase in light-matter interaction volume and the Raman signal col-
lection efficiency. An intuitive methodology is presented for calculating the accumulated Raman
enhancement factor of an ensemble of molecules in waveguide sensing, which exploits an analyt-
ical photon Green function expansion in terms of the waveguide normal modes, and we combine
this with a quantum optics formalism of the molecule-waveguide interaction to model Raman scat-
tering. We subsequently show how integrated plasmonic slot waveguides can attain significantly
higher Raman enhancement factors: ∼5.3× compared to optofluidic fibers and ∼3.7× compared to
planar integrated dielectric waveguides, with a device size and thus analyte volume of at least three-
orders of magnitude less. We also provide a comprehensive comparison between the different types
of plasmonic slot waveguides based on the important figures-of-merit, and determine the optimal
approaches to maximize Raman enhancement.
I. INTRODUCTION
Due to the confluence of technologies into portable de-
vices such as smartphones, wearable computing, and gen-
erally the connected nodes of the “Internet of Things”1,2,
there is an emerging need for ultra-compact sensors with
high specificity and label-free detection of a wide range
of chemical and biological molecules, for which Raman
spectroscopy serves as an ideal technology3–9. However,
spontaneous Raman scattering, that can be employed in
a portable setting, is exceedingly weak10, and a major
challenge is the effective separation of the Raman scat-
tered photons from the intense Rayleigh scattering of the
pump light.
A formidable approach to boost the signal of Ra-
man scattered light is surface enhanced Raman spec-
troscopy (SERS), which often makes use of metal nanos-
tructures to enhance local electromagnetic (EM) fields
and the photonic local density of states (LDOS) by
the creation of plasmonic hot-spots. Thus, metal-
assisted SERS effectively increases the Raman scatter-
ing cross-section of each molecule. Experimentally, im-
pressive SERS enhancement factors of up to 1014 have
been observed in composites of metal nanoparticles10,
which includes dimers and small aggregates formed
by metal nanoparticles11, as well as fractal types of
nanostructures12. The main limitation of SERS is that
bare substrates typically require surface functionalization
to bring the analyte of interest close enough to the nanos-
tructured metal surface (a few nanometers) for effective
sensing13,14, and there are several challenges that limit
the use of bare SERS substrates13, including the insta-
bility due to oxidation of the metal surface15,16.
A complementary strategy to enhance Raman spec-
troscopy is by increasing the effective light-matter inter-
action volume for Raman scattering, which is typically
achieved by inducing the interaction of light with ana-
lyte molecules along the length of a coupled waveguide
(WG). Simultaneously, the WG can also offer higher col-
lection efficiency of Raman scattered light compared to
collection in free space. In this regard, hollow core WGs
that confine both light and analyte fluid within the same
volume, which in turn leads to high coupling efficien-
cies for both pump and Raman scattered light via the
large numerical aperture (NA), such as teflon capillary
tubes (TCTs)17 and hollow core photonic crystal fibers
(HC-PCFs)18,19, have been demonstrated to provide very
high Raman signal enhancement factors (up to 106 com-
pared to using a cuvette). Integrated WGs “on-chip”
have also been investigated for increased light-matter in-
teraction volume to enhance Raman spectroscopy20–24,
with much reduced device sizes and the simplicity of plac-
ing a droplet of analyte liquid directly on top of the chip.
While both SERS and WG-based Raman spectroscopy
serve to significantly enhance the retrieved Raman sig-
nal, the fundamental difference between these two tech-
niques is that SERS enhances the intrinsic Raman scat-
tered light intensity from each molecule, whereas the WG
configuration increases the number of molecules that in-
teract with the pump light and thus undergo Raman scat-
tering. Although the maximal enhancement achieved by
SERS is extremely high, the distribution and generation
of hotspots on a SERS substrate is generally quite ran-
dom and unstable18, and thus the Raman enhancement
is not very repeatable. Moreover, the substrate surface
must typically be chemically treated to facilitate effective
binding of analyte molecules13,14. The volume occupied
by each hotspot is also very small, and the number of
hotspots is limited, so the overall volume of analyte that
can be interrogated is not much higher than by direct il-
lumination of the sample contained in a cuvette. On the
other hand, while having the fluid sample sit on top of a
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2planar WG or fill a hollow core fiber increases the light-
matter interaction volume, the Raman scattered light
intensity from each molecule is not enhanced by much
beyond when it is excited in free space.
In this work, we theoretically investigate nanoscale
plasmonic slot WG designs for their application to Ra-
man spectroscopy in a regime where signal enhancement
can be engineered through two key mechanisms: first, by
exploiting the well-known local electric-field (E-field) and
LDOS enhancement near metal surfaces as in traditional
SERS; and second, by increasing the light-matter inter-
action volume and Raman signal collection efficiency via
light confinement and WG propagation. Using a plas-
monic slot of only tens of nanometers wide, in which the
analyte fluid is filled, the molecules under investigation
are already in close proximity to the metal surfaces (i.e.,
sidewalls of the slot), and thus the requirement for chem-
ical surface treatment can be eliminated. Moreover, the
slot WG structure can be precisely controlled during fab-
rication, which means the guided plasmonic mode can be
excited repeatably. To model these complex geometries
and interactions, we combine a first-principles electro-
magnetics and quantum optics approach, starting with
the E-field Green function of the WG in terms of normal
modes25,26, and then generalizing a recently developed
quantum optomechanical theory to obtain the Raman
enhancement27,28. This serves to rigorously determine
the advantages and application niche of our proposed
plasmonic slot WGs in comparison to previous techniques
for Raman enhancement, and allows one to quickly as-
sess the important figures-of-merit in a semi-analytical
and intuitive way.
The layout of the rest of our paper is as follows. In Sec-
tion II, we define the important figures-of-merit to char-
acterize and compare WGs for their performance in Ra-
man enhancement, and introduce the main theoretical
formalism that allows one to calculate these figures-of-
merit. In Section III, we consider several types of plas-
monic slot WGs (and also a dielectric slot WG), and
present our results for different figures-of-merit of these
structures. The key characteristics of Raman enhance-
ment using WGs that include different excitation and
Raman signal collection configurations are highlighted.
Finally, we conclude in Section IV, with a discussion on
the most promising strategy to engineer plasmonic slot
WGs for increased Raman enhancement, the practical
limitations of implementing slot WGs for Raman spec-
troscopy, and other advantages of employing plasmonic
slot WGs in comparison to more conventional techniques
such as hollow core fibers and SERS on a planar sub-
strate. In addition, we include seven appendices. In Ap-
pendix A, we give the calculation of the energy velocity
and waveguide mode normalization scheme. Appendix
B shows a comparison of our waveguide Green function
formulation with the one given in Ref. 26. In Appendix
C, the derivation of the E-field enhancement factor is
shown. This is followed by the specification of the in-
tegration geometries used to calculate the Raman scat-
tered power using WGs as well as in free space, shown in
Appendix D. In Appendix E, we show the derivation of
the Raman enhancement factor that captures the effects
of both SERS-type and light-matter interaction volume
enhancements. Appendix F gives the results of Raman
enhancement for different modes of the Rhodamine 6G
molecule, which we utilize in this work as a representative
example. Lastly, Appendix G contains additional figures
showing results referred to by the main text.
II. RAMAN ENHANCEMENT IN
WAVEGUIDES: THEORETICAL FORMALISM
We first define the main figure-of-merit of Raman en-
hancement for a single molecule (SM), which we denote as
the single-molecule enhancement factor (SMEF). For Ra-
man spectroscopy of a bulk-like sample (with an ensemble
of molecules), an alternative spatially averaged Raman
enhancement factor (AEF) is defined to also capture the
effects of increased light-matter interaction volume using
an ensemble of molecules, which allows us to compute the
volume enhancement factor (VEF) for a specific device
length, and compare it to a reference Gaussian beam.
Below, we adapt a recently developed quantum optics
approach to model the Raman spectrum of a molecule
within a general medium, which was previously applied
to describe SERS using plasmonic nanoresonators27,28.
Here, we extend this approach to WGs, by utilizing the
photon Green function, conveniently computed using a
semi-analytical normal mode theory25,26.
A. Raman Enhancement of a Single Molecule
A Raman active molecule in the vicinity of a WG can
be excited either by (A) in-plane coupling to the 2-D WG
mode or (B) out-of-plane excitation [see Fig. 1(a)]. Upon
excitation, the Raman scattered light can either be cou-
pled to the WG mode in the (I) forward (collected at
the end facet of the WG, z = L), (II) backward (col-
lected at the input facet of the WG, z = 0), or (III)
out-of-plane direction via radiation modes above the light
line [Fig. 1(a)]. The detected Raman scattered power [W]
from a single molecule, in the vicinity of the WG that we
denote P SM, thus depends on the position of the molecule
rm (determined by the location within the 2-D cross-
section ρm, and the position along the length of the WG
zm away from the input facet, such that rm = [ρm, zm]),
the WG length L, and also the specific configuration of
excitation of the molecule and collection of the Raman
scattered light [Fig. 1(a)]. Due to the enhancement of
the excitation field and also the LDOS (yielding a Pur-
cell effect or spontaneous emission enhancement) that
a molecule can experience in the vicinity of the WG,
P SM can be enhanced compared to the Raman scattered
power from a molecule in free space (or homogeneous
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FIG. 1. (a) Schematic of different configurations of laser excitation and Raman scattered light collection with respect to the
WG of length L oriented in the light guiding z-direction. Excitation is either (A) in-plane via coupling to the WG mode or
(B) out-of-plane from the top. Collection is either in the (I) forward, (II) backward or (III) out-of-plane scattered direction.
(b) Schematic of laser excitation and Raman scattered light collection in free space. Excitation is in the forward direction and
Raman scattered light is collected in the backward direction. The Gaussian beam is propagating in the z-direction with waist
diameter D0 and depth of focus b.
background) P SM0 . In this way, the SMEF is defined as
SMEF =
P SM(rm)
P SM0
, (1)
which is different for each Raman mode as well as
whether it is for the Stokes or anti-Stokes resonance.
The Raman scattered power from a single molecule,
integrated over a detector area defined from rD, can be
calculated from
P SM(rm) =
ε0cnB
2
ˆ
∆ω
ˆ
AD
S(rD, rm, ω)drD dω, (2)
where nB =
√
εB is the refractive index of the background
medium (εB is the relative permittivity or dielectric con-
stant), and the integration is over both the detection area
AD and the bandwidth of the Raman line of interest ∆ω.
The detection area AD and the integration geometry for
Eq. (2) are dependent on whether the Raman scattered
power of a molecule in the vicinity of a WG (P SM) or in
free space (P SM0 ) is being calculated; further details are
given in Appendix D. Using a quantum optomechanical
theory of SERS and its detection27,28, the Raman spec-
trum is expressed in terms of the E-field operator Eˆ by
S(rD, rm, ω) = 〈Eˆ†(rD, rm;ω) · Eˆ(rD, rm;ω)〉 and can be
calculated as
S(rD, rm, ω) = A(rm, ωL,E0)S0(rm, ω)|G(rD, rm;ω)·n|2,
(3)
where n specifies the direction of dipole orientation (di-
rection of dominant Raman tensor element of molecule).
The incident field enhancement is described through
A(rm, ωL,E0), the emitted spectrum from the molecule
is described by S0(rm, ω), and the propagation to the
detection region is contained within the two space point
Green function, G(rD, rm;ω), in which rm and rD are
the molecule and detection locations, respectively. This
expression is quite general, and different photonic media
can have different Green functions, e.g., in free space or a
homogeneous medium (background index nB), the Green
function is known analytically29.
For a non-periodic WG that is translationally invari-
ant along the WG direction, having effectively a 1-D-like
propagation in the z-direction, the single mode Green
function is25,26
GWG(r, r
′;ω) =
iω
2υE
[
Θ(z − z′)ekω (ρ)e∗kω (ρ′)eik˜(z−z
′)
+ Θ(z′ − z)e∗kω (ρ)ekω (ρ′)eik˜(z
′−z)
]
, (4)
where the first term represents forward propagation, and
the second term represents backward propagation; in ad-
dition, Θ is the unit step function, k˜ = k + iκ is the
complex propagation constant where κ incorporates the
propagation losses, ekω (ρ) is the normalized mode with
the propagation constant k(ω) that we obtain using the
commercial mode solver from Lumerical30, and υE is the
frequency-dependent energy velocity that we employ in-
stead of the group velocity, vg, commonly used in loss-
less media. The energy velocity υE is dependent on both
the time-averaged power flow 〈Sz〉 as well as the time-
averaged energy per length 〈W〉, which in turn is de-
pendent on the energy density distribution w(ρ) of the
WG mode. Details about the calculation of the energy
velocity υE (including 〈Sz〉, 〈W〉, and w) and the normal-
ization scheme to obtain ekω (ρ) are given in Appendix
A. The total system Green function can then be written
as the sum of the WG mode contribution (which dom-
inates) and a background term (e.g., from coupling to
modes above the light line), G ≈ GWG + GB, and will
4be used to calculate the Raman scattered spectrum of
the molecules.
For an incident field E0, the field enhancement of the
induced Raman dipole is given by27
A(rm, ωL,E0) =
~R2nn|η(zm)|2|n ·E0|2
2ωmε20
, (5)
where Rnn is the dominant Raman tensor element of the
molecule, ωm is the Raman active oscillation frequency, n
points in the direction of the dominant Raman tensor ele-
ment, and |η| (rm dependence is implied) is the plasmonic
field enhancement factor. Significant enhancement can
be attained when excitation is by in-plane coupling to the
WG mode (A), whereas there is essentially no E-field en-
hancement (i.e., |η| = 1) when excitation is from out-of-
plane (B), as it does not couple to WG modes below the
light line. For plasmonic nanoresonators, the enhance-
ment factor can be calculated using a Dyson equation
technique; but for WGs, a different approach is needed.
As shown in Appendix C, the field enhancement factor
for molecules at different locations along the WG, zm,
can be written as:
|η(zm)|2 = c
nBυE
A0
AWG
e−2κzm , (6)
where A0 is the effective Gaussian beam area of the in-
put laser in free space, AWG is the effective WG mode
area, and the exponential factor accounts for propagation
losses.
The emission spectral function can be written as
S0(rm, ω) = S
st
0 (rm, ω) +S
as
0 (rm, ω), in which the Stokes
emission is27
Sst0 (rm, ω) = (7)
Re
{
i[γm(n¯
th + 1) + Jph(rm, ωL + ωm)]
[ω − (ωL − ωm) + i(γm + ∆Jph)](γm + ∆Jph)
}
,
and the anti-Stokes emission is
Sas0 (rm, ω) = (8)
Re
{
i[γmn¯
th + Jph(rm, ωL − ωm)]
[ω − (ωL + ωm) + i(γm + ∆Jph)](γm + ∆Jph)
}
,
where γm is the decay rate of the Raman vibrational
mode, and n¯th =
(
e~ωm/kBT − 1)−1 is the thermal pop-
ulation of the Raman vibrational mode at room tem-
perature, T = 293 K. The photonic spectral function,
Jph, describes the plasmonic-induced Raman scattering
rate beyond that achievable through thermal population,
which depends on the projected LDOS,
Jph(rm, ω) =
R2nn|η(zm)|2|n ·E0|2
2ε0ωm
Im{Gnn(rm, rm;ω)},
(9)
and for convenience, in Eqs. (7) and (8), we have defined
∆Jph = Jph(rm, ωL+ωm)−Jph(rm, ωL−ωm). Note that
Jph will affect the system spectrum when it is comparable
to γmn¯
th, which is normally achieved in the nonlinear
regime of high pump excitations.
The last term of Eq. (3), |G(rD, rm;ω) · n|2, accounts
for the enhancement of the Raman scattered field and
the appropriate propagation effects from the molecule to
the detector via the system Green function G(rD, rm;ω).
For the cases of Raman scattered light coupled to ei-
ther the forward (I) or backward (II) propagating modes,
the WG modal contribution GWG as given in Eq. (4) is
utilized. However, the free space Green function GB is
employed when out-of-plane (III) Raman scattered light
is collected, which we have numerically verified to be a
good approximation for the WGs under consideration.
Note that GB is also used for the calculation of Raman
scattered power in free space, P SM0 .
B. Purcell Factor and Waveguide Beta Factor
Engineered nanostructures can be utilized for
nanoscale confinement of light as well as highly enhanc-
ing light-matter interaction. Examples of these struc-
tures include photonic crystals31–33, metamaterials34,35,
slow light WGs36, plasmonic nanostructures37,38, and
plasmonic WGs39–45, which allow for enhancement of the
LDOS of embedded quantum emitters, and thus increase
in their spontaneous emission (SE) rates via the Purcell
effect. Such enhancement benefits a number of applica-
tions including nonlinear optics46, chemical sensing47,48,
high-resolution imaging49, energy harvesting50,51, and
single photon sources52. For many of these applications,
such as single photon sources39 and SERS28, the effi-
ciency of the total emission into radiative channels (also
sometimes termed the single-photon β-factor) is also
very important.
As discussed earlier, the overall Raman enhancement
of a single molecule as captured by the SMEF is at-
tributed to both the E-field enhancement of the excita-
tion and the LDOS enhancement for the Raman scattered
light. Here, we define the generalized Purcell factor that
quantifies the enhancement of the LDOS for an emitter
oriented in the n-direction in the vicinity of the WG,
which is given by
Fn(rm, ω) = 1 +
Im{n ·GWG(rm, rm;ω) · n}
Im{n ·GB(rm, rm;ω) · n} , (10)
where we include a factor of 1 for molecules in free
space53. It must be noted that only a portion of the Ra-
man scattered light is coupled to the WG mode, whereas
the remaining portion is scattered into free space in the
out-of-plane direction [Fig. 1(a)]. To quantify the effi-
ciency with which the WG enhanced Raman scattering
actually couples to the WG mode (in light of the fact
that typically the Raman signal is collected via the WG
mode), the WG β-factor can be defined as
β(rm, ω) =
Im{n ·GWG(rm, rm;ω) · n}
Im{n ·G(rm, rm;ω) · n} . (11)
5This definition of the β-factor for WGs is consistent with
previous work and specifically for plasmonic WGs39–45,54.
C. Raman Enhancement of an Ensemble of
Molecules
Although the SMEF assesses the Raman enhancement
performance of a single molecule at a particular location
in the vicinity of a WG, the more common scenario is
that an ensemble of molecules is excited along the length
of the WG and the accumulated Raman scattered power
from them is measured. By utilizing the increased light-
matter interaction volume via propagation of both exci-
tation and Raman scattered light along the WG, the ac-
cumulated Raman scattered power can be much higher
than that of the reference case when an analyte liquid in
a cuvette is directly excited with a free space Gaussian
beam.
First, we define the spatially averaged Raman enhance-
ment factor (AEF), which is the average SMEF experi-
enced by all molecules in the vicinity of the WG, since the
Raman scattered power P SM from a molecule is depen-
dent on its cross-sectional position ρm as well as along
the length of the WG zm. As such,
AEF =
´
V
SMEF(rm)dV
V
=
´ L
zm=0
´
Am
P SM(rm)dρmdzm
P SM0 AmL
, (12)
where Am is the cross-sectional area in the vicinity of
the WG where light-matter interaction takes place, L is
the length of the WG, and V = AmL is the volume over
which spatial averaging is performed. For the slot WGs
studied in this work, Am is taken as the cross-sectional
area of the hollow gap region. Note that the AEF is de-
pendent on the excitation and Raman signal collection
configurations [Fig. 1(a)] as is for SMEF. For each case,
the corresponding formulation for P SM [Eq. (2)] as given
in Subsection II A is employed. The details of the cal-
culation of AEF in Eq. (12) and its derivation are given
in Appendix E. By exploiting Eq. (12), the AEF in the
forward, backward, and out-of-plane scattered directions
can be calculated via simple analytical expressions de-
rived in Appendix E.
While AEF only captures the SERS-type enhance-
ment offered by the WG, the use of a WG structure
also modifies the effective light-matter interaction vol-
ume compared to the interrogation volume of the free
space Gaussian beam. Here, we define a figure-of-merit
that captures the Raman enhancement of an ensemble
of molecules by also taking into account the enhanced or
reduced light-matter interaction volume offered by the
WG, which we term the volume Raman enhancement
factor (VEF), and it is given by
VEF = AEF
V
V0
= AEF
AmL
A0b
. (13)
This experimentally relevant enhancement factor is es-
sentially AEF scaled by the ratio of the light-matter in-
teraction volumes between the cases of employing the
finite-size WG and using a Gaussian beam. In Eq. (13),
V0 = A0b is the estimated light-matter interaction vol-
ume near the Gaussian beam waist region, where A0 is
the beam waist area and b is the depth of focus. The
waist area is given by A0 = pi(D0/2)
2, where the waist
diameter is D0 = 1.22λ0/NA, in which λ0 is the free
space wavelength and NA is the numerical aperture of
the objective lens that focuses the Gaussian beam; the
depth of focus is b = 2piD20nB/λ0. Note that the Raman
scattered power from each molecule within the Gaussian
beam is essentially considered to be equivalent to the free
space Raman scattered power P SM0 . It is also assumed
that P SM0 is the same for each molecule within the Gaus-
sian beam waist region in which light-matter interaction
occurs, and its calculation is detailed in Subsection II A.
In our calculations, the effects of dipole-dipole interac-
tions between molecules on Raman scattering is ignored,
as it modifies the SERS-type Raman enhancement by
a negligible amount for molecule separation distances of
over two times the molecular diameter55, due to the rapid
decrease of dipole-dipole interaction with distance. For
example, the diameter of a water molecule is∼0.2 nm and
the average inter-molecular spacing of its liquid phase is
∼0.4 nm, which means dipole-dipole interactions in liq-
uids and solutions generally would not influence Raman
enhancement of the sample, although it does have ap-
preciable effects for specialized conditions involving very
large and complex molecules such as polymers56–58. Al-
though it is possible for a Raman scattered photon to
initiate another Raman scattering event in a different
molecule, which constitutes the effect of stimulated Ra-
man scattering given that the scattered intensity is com-
parable to that of the excitation, the required threshold
pump intensity is on the order of several to hundreds
of GW/cm2 59,60. Different strategies have been demon-
strated to lower the threshold intensity for stimulated
Raman scattering in liquids60,61; however, the reduced
values are still much higher than what are typically em-
ployed in Raman spectroscopy18. As such, this effect
does not have to be taken into account in our calcula-
tions of Raman enhancement.
III. RESULTS
A. Plasmonic Slot Waveguide Designs: Purcell and
Beta Factors, and Waveguide Mode Properties
Amongst the different common types of metal based
plasmonic WGs, the metal-insulator-metal structure of-
fers the highest EM field confinement due to the presence
of metal cladding layers on both sides surrounding the
dielectric core62,63, which can be made arbitrarily thin.
One manifestation of the metal-insulator-metal structure
is the plasmonic slot WG, which consists of a thin metal
6film on top of a dielectric substrate that is subsequently
etched to form a narrow slot tens to hundreds of nanome-
ters wide63–65. The slot (or gap) region of the plasmonic
slot WG structure where high EM field concentration re-
sides is also amenable for filling by analyte molecules of
interest, which is suitable for SE and Raman enhance-
ment applications. The plasmonic slot WG structure
that we employ here is shown in Fig. 2(a), using a 200
nm thick silver (Ag) film on top of silica (SiO2) substrate
with a gap width g = 50 nm.
We also investigate a few other selected types of slot
WG structures. One example is an integrated dielec-
tric WG, which has already been demonstrated experi-
mentally for use in Raman spectroscopy20–24; thus one
of the WG structures we study here is the silicon ni-
tride (Si3N4) dielectric slot WG as shown in Fig. 2(b),
because it would be beneficial to compare our proposed
plasmonic type WGs (which to our knowledge has not
previously been applied to Raman spectroscopy) to the
performance of dielectric WGs in an on-chip setting.
Another type of WG being investigated is the strati-
fied hyperbolic material (HM) slot WG that is shown
in Fig. 2(c), for which Ag and Si3N4 are utilized in the
alternating multilayer stack. Hyperbolic materials have
been shown to exhibit ultra-high LDOS and thus large
enhancement of SE rates of emitters located near the
surface or embedded in the bulk35,66–69. More recently,
nanoresonators constructed from HMs have also been in-
vestigated for both SE70,71 and Raman28 enhancement.
Waveguides that utilize HMs have also been studied for
different properties and applications72–76, including for
SE enhancement77. Finally, we also consider the hybrid
plasmonic slot WG [Fig. 2(d)], in which the guided mode
is a hybrid between a surface plasmon polariton and a
total-internal-reflection mode; the structure investigated
contains Ag as the metal component and Si3N4 for the
dielectric regions. The hybrid plasmonic WGs exhibit
improved propagation lengths compared to pure metal
plasmonic WGs, while maintaining high mode confine-
ment in the sub-wavelength scale78,79. In our study, the
background medium is aqueous, so that the refractive
index of water, nB = 1.33, is utilized.
As observed in Fig. 3(a), the Purcell factor for a dipole
that is oriented in the x-direction Fx (located at the cen-
ter of the WG gap region) can be increased significantly
by employing the Ag plasmonic slot WG compared to
using a Si3N4 dielectric slot WG; e.g., at the wavelength
λ0 = 785 nm, Fx improves from 3.5 to 18.0, and the en-
hancement exists over a broad bandwidth. This is first
attributed to the much lower energy velocity υE of the
plasmonic slot WG mode, e.g., with υE/c = 0.39 com-
pared to υE/c = 0.51 for the Si3N4 slot WG at λ0 = 785
nm [Fig. 4(c)]. Secondly, the EM energy density w(ρ),
and thus the E-field amplitude E, is predominantly con-
centrated within the gap region of the Ag plasmonic slot
WG [Fig. 2(a)], in comparison to the Si3N4 slot WG in
which w(ρ) also resides prominently inside the dielectric
claddings [Fig. 2(b)]. This leads to a much higher nor-
malized E-field ekω (ρ) within the gap region, as shown
by Eq. (A6) in Appendix A. The decrease in υE and in-
crease in ekω (ρ) within the gap region by using a plas-
monic slot WG together enhances GWG [Eq. (4)] com-
pared to using a dielectric slot WG, and thus improves
the Purcell factor Fx [Eq. (10)]. The benefits of using
a plasmonic slot WG extends to also improving the β-
factor, as can be observed from Fig. 3(b); at λ0 = 839
nm, β increases from 0.74 for the Si3N4 slot WG to 0.95
for the Ag plasmonic slot WG. Indeed, there is benefit
in moving to the use of metal based plasmonic slot WGs
for applications requiring LDOS and SE enhancement,
instead of employing dielectric type WGs. However, the
drawback of using plasmonic WGs is that the modal loss
(α = 2κ) is adversely increased by over an order of mag-
nitude; as seen in Fig. 4(b), the loss increases from α =
1.40 × 10−4 µm−1 for the Si3N4 slot WG to α = 6.91 ×
10−2 µm−1 for the Ag plasmonic slot WG at λ0 = 785
nm. Such an increase in modal loss has significant impli-
cations for many applications; we will show subsequently
in this paper how it affects the design of WGs for Raman
enhancement.
Next, we investigate the slot WG constructed from
a stratified metal-dielectric stack that forms a HM, in
which the thickness of each metal or dielectric layer is
chosen to be 10 nm [Fig. 2(c)], and thus the metal filling
fraction (volume fraction of metallic material) is fm =
0.5. It can be observed from Fig. 3(a) that the Purcell
factor is further increased compared to that of the Ag
plasmonic slot WG, to Fx = 27.3 at λ0 = 785 nm. The
β-factor is also slightly improved [Fig. 3(b)], such that it
becomes β = 0.97 at λ0 = 839 nm. The HM slot WG is
able to attain higher Purcell and β-factors, because its
guided mode has a much lower energy velocity, such that
υE/c = 0.21 at λ0 = 785 nm [Fig. 4(c)]. Again, this comes
at the expense of higher modal loss; α = 0.224 µm−1 at
λ0 = 785 nm.
To help alleviate the high modal loss of the plasmonic
slot WG while maintaining high E-field concentration
within the gap region, the hybrid plasmonic slot WG
[Fig. 2(d)] is studied. The flexibility of this WG struc-
ture is that it can be optimized for either minimum modal
loss or maximum fraction of E-field intensity within the
gap region, simply by tuning the width of the left Si3N4
cladding while keeping all other WG dimensions con-
stant. Hybrid plasmonic WGs with very similar struc-
tures as we study here have been demonstrated for sev-
eral applications79–81; in each case the optimal device
was also obtained by tuning the thicknesses of the con-
stituent layers. The details of the optimization of the
hybrid plasmonic slot WG are shown in Fig. 15 in Ap-
pendix G, where the optimal left Si3N4 cladding width
for minimal modal loss is 90 nm, and the optimal width
for maximum E-field intensity within the gap region is
290 nm. Here, we choose to present the results of the hy-
brid plasmonic slot WG optimized for maximal E-field
intensity in the gap, because it exhibits better Raman
enhancement performance. It is seen in Fig. 4(b) that al-
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FIG. 2. The x-y cross-section and EM energy density distribution w(ρ) [J/m3] (see Appendix A for derivation) of (a) Ag
plasmonic slot WG (PSW) with gap width g, (b) Si3N4 dielectric slot WG (DSW), (c) Ag-Si3N4 HM plasmonic slot WG
(HMSW) with fm = 0.5 (Ag metal layers are shown as gray), and (d) Ag-Si3N4 hybrid plasmonic slot WG (HPSW). The color
bar is in linear scale (normalized units), and each plot is individually normalized.
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FIG. 3. (a) Purcell factor for dipole oriented in the x-direction
Fx and (b) WG mode β-factor (Eq. (11)) as a function of
wavelength for different types of plasmonic slot WGs (PSWs)
as shown in Fig. 2. Black circle: Ag PSW with gap width g
= 50 nm; Red diamond: Si3N4 dielectric slot WG (DSW);
Red cross: Ag-Si3N4 HM plasmonic slot WG (HMSW) with
fm = 0.5; Blue asterisk: Ag-Si3N4 hybrid plasmonic slot WG
(HPSW). Each marker indicates either the pump wavelength
or a specific Stokes or anti-Stokes wavelength corresponding
to one of the Raman modes as described in Section III A.
though the modal loss of the hybrid plasmonic slot WG
is indeed much lower than that of the Ag plasmonic WG
(α = 3.82 × 10−3 µm−1 at λ0 = 785 nm), it is still sig-
nificantly higher than for the Si3N4 slot WG. However,
the Purcell factor is quite similar to that attained by the
Si3N4 slot WG across all wavelengths from 600 to 1100
nm [Fig. 3(a)], although the WG mode β-factor is appre-
ciably improved for wavelengths λ0 . 880 nm [Fig. 3(b)].
Overall, the hybrid plasmonic slot WG provides very lit-
tle benefits compared to a much simpler purely dielectric
WG structure for SE enhancement applications.
The ability of plasmonic slot WGs (either using Ag or
HM) to drastically improve the Purcell factor compared
to the dielectric slot WG is due to the much reduced
υE as well as increased concentration of EM fields within
the gap region where the dipole sits. This is enabled by a
completely different waveguiding mechanism, which is via
surface plasmon polaritons, as opposed to total-internal-
reflection in dielectric WGs. For a given plasmonic WG
structure, as the frequency of operation ω increases (or
wavelength λ0 decreases) to approach the surface plas-
mon frequency ωsp, the slope of the ω-k dispersion de-
creases, which leads to a decrease of not only the energy
velocity υE [Fig. 4(c)] but also a decrease in the phase
velocity62,63; both of which can be much lower than using
dielectric WGs. A decrease in phase velocity is equiva-
lent to an increase in the effective index neff = k/k0,
where k0 = 2pi/λ0 is the free space wave vector. It is
seen in Fig. 4(a) that neff is much higher for the Ag plas-
monic slot WG compared to the Si3N4 slot WG, and that
it also increases as λ0 decreases. The use of a stratified
HM multilayer stack for the plasmonic slot WG [Fig. 2(c)]
serves to alter the effective permittivity of the material;
it becomes anisotropic such that εx = εz < 0, but it
is not equivalent to the permittivity in the y-direction
(εy > 0)
82–84. Using HMs essentially reduces the metal
filling fraction fm and thus it is “less metallic” compared
to pure metal (in the x-direction), which is responsible
for reducing ωsp (or increasing λsp). The effect is that at
a given operating wavelength λ0, it is closer to λsp when
HM is utilized, which means that neff is higher and υE is
lower compared to when Ag is utilized for the plasmonic
slot WG, as shown in Figs. 4a and 4c, respectively.
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FIG. 4. (a) Effective index neff, (b) modal loss α, and (c) normalized energy velocity υE/c as a function of wavelength for
different types of plasmonic slot WGs (PSWs) as shown in Fig. 2. Black circle: Ag PSW with gap width g = 50 nm; Red
diamond: Si3N4 dielectric slot WG (DSW); Red cross: Ag-Si3N4 HM plasmonic slot WG (HMSW) with fm = 0.5; Blue
asterisk: Ag-Si3N4 hybrid plasmonic slot WG (HPSW). Each marker indicates either the pump wavelength or a specific Stokes
or anti-Stokes wavelength corresponding to one of the Raman modes as described in Section III A.
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FIG. 5. Single-molecule enhancement factor (SMEF) of a
molecule at the center of the gap region in terms of x-y posi-
tion of a Ag plasmonic slot WG, with gap width g = 50 nm
[Fig. 2(a)] and length L = 50 µm as a function of its loca-
tion zm along the WG length (for Stokes line of Raman mode
with νm,1). Solid: excitation coupled in-plane via the WG
mode; dashed: excitation from out-of-plane. Black: forward
scattered (zd = L); blue: backward scattered (zd = 0); red:
out-of-plane scattered.
B. Raman Enhancement in Plasmonic Slot
Waveguide
To better highlight the main characteristics of utilizing
WGs for Raman enhancement, we first focus on only the
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FIG. 6. (a) Spatially averaged enhancement factor (AEF) for
molecules within the gap region of an Ag plasmonic slot WG
with gap width g = 50 nm as a function of WG length L
for different excitation and Raman signal collection configu-
rations (for Stokes line of Raman mode with νm,1). Solid:
excitation coupled in-plane via the WG mode; dashed: ex-
citation from out-of-plane. Black: forward scattered; blue:
backward scattered; red: out-of-plane scattered.
Ag plasmonic slot WG with gap width g = 50 nm, as
shown in Fig. 2(a). Here, we model the Raman active
molecule Rhodamine 6G (R6G), and present results for
the Stokes line of one of its Raman modes with shift
νm = 819 cm
−1 (ωm = 98.7 meV, RA , R2nn = 6.2
A˚
4
amu−1 = 3.73 ×10−13 m4kg−1). The decay rate of the
Raman mode γm is taken to be 1.6 meV. An excitation
wavelength of 785 nm and an intensity of 10 mW/µm2
are utilized for the calculations, which are representative
parameters in typical Raman spectroscopy systems18,22.
In Appendix F, the results of Raman enhancement by
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FIG. 7. (a) Volume enhancement factor (VEF) for molecules
within the gap region of an Ag plasmonic slot WG with gap
width g = 50 nm as a function of WG length L for differ-
ent excitation and Raman signal collection configurations (for
Stokes line of Raman mode with νm,1). The results here are
based on comparing to a reference Gaussian beam focused us-
ing an objective lens with NA = 0.75 that has a waist diameter
D0 ≈ 1.28 µm and depth of focus b ≈ 17.4 µm. Note that
changing the Gaussian beam parameters will simply scale the
VEF. Solid: excitation coupled in-plane via the WG mode;
dashed: excitation from out-of-plane. Black: forward scat-
tered; blue: backward scattered; red: out-of-plane scattered.
using the Ag plasmonic slot WG with g = 50 nm for
several other Raman modes of R6G are presented.
First, we consider the scenario in which a single R6G
molecule is located at the center of the gap region in the
x-y plane, which is defined as the position that is 100
nm above the SiO2 substrate and half way between the
two adjacent vertical walls of the slot region (Fig. 2), and
its location zm is varied along the length of the WG in
the z-direction. The WG considered has a length L = 50
µm (Fig. 5). As the molecule is translated away from the
input facet at z = 0 to increase zm, the E-field enhance-
ment factor |η(zm)| decreases because the pump power
decays as a function of distance from the input facet
to the molecule location zm due to WG modal loss at
the pump wavelength, and this means |η(zm)| ∝ e−2κzm
[Eq. (6)]; |η(zm)| is maximized when zm = 0. Simul-
taneously, the distances between the molecule to both
the input and end facets are changed, which also influ-
ences the power of the Raman scattered light P SM at
the detection location zd for each of the cases of for-
ward (zd = L) and backward (zd = 0) scattered config-
urations (Fig. 5); this is due to the modal loss at the
Raman scattered wavelength. In the forward scatter-
ing case, the propagation loss of the Raman scattered
light leads to transmission to the end facet at zm = L
to be proportional to e−2κ(L−zm); the overall detected
Raman scattered power P SM and thus SMEF is propor-
tional to e−2κzme−2κ(L−zm) = e−2κL, which means that
it is independent of the molecule location zm (solid black
line in Fig. 5). For backward scattering, the transmis-
sion back to the input facet at zm = 0 is proportional to
e−2κzm , so that P SM and thus SMEF is proportional to
e−2κzme−2κzm = e−4κzm , which decays linearly on a log-
scale as shown by the solid blue line in Fig. 5. Note that
the modal EM field distribution at the 2-D cross-section
is invariant along the z-direction, but only the total field
amplitude or mode power decays. Finally, for the out-
of-plane Raman scattered signal, the detected signal is
not dependent on the modal loss at the Raman scattered
wavelength, so P SM and thus SMEF is proportional to
e−2κzm , which leads to a linear decay with a smaller slope
in Fig. 5 (solid red line). Similar arguments can be made
for the out-of-plane excitation configuration, in which the
detected Raman signal would only depend on the modal
loss at the Raman scattered wavelength, but not on that
at the excitation wavelength (Fig. 5).
For the Ag plasmonic slot WG, the SMEF attained by
in-plane excitation via the WG mode is in general much
higher than that by out-of-plane excitation from the top
(by at least one-order of magnitude), for all molecule
locations zm (Fig. 5). This observation emphasizes the
significance of utilizing the plasmonic slot WG mode for
enhancing the excitation field in order to improve the
overall Raman enhancement. By collecting the Raman
signal that is either forward or backward scattered via the
WG mode, the attainable SMEF is always higher than by
collecting out-of-plane, regardless of the molecule loca-
tion zm, which is due to the Purcell enhancement offered
by the plasmonic slot WG. For the case of excitation via
the WG mode and collection by out-of-plane scattering,
the achievable SMEF is significantly higher than the case
of out-of-plane pump coupling and collection via the WG
mode (except for when zm > 37.5 µm in the forward scat-
tering case), which suggests that by using the plasmonic
slot WG, the contribution to overall Raman enhancement
by excitation field enhancement is actually stronger than
by scattered field enhancement. This is in stark con-
trast to the use of nanostructured metal dimers as in
traditional SERS, in which the contribution to Raman
enhancement via excitation field enhancement is weaker
than due to the enhancement of the scattered field28.
Finally, the red dashed line in Fig. 5 indicates the case
when both excitation and Raman signal collection are
via the out-of-plane configuration, which is similar to the
molecule situated in free space (and theoretically identi-
cal in our theory), so that each of the E-field enhance-
ment |η| and Purcell factor Fx is assumed to be unity,
and thus SMEF = 1 for all zm, as expected. Overall, the
maximum SMEF achievable using the Ag plasmonic slot
WG is on the order of 104 to 105, which is approximately
one-order of magnitude lower than the SMEF observed
in metal dimers with similar gap widths28.
The SMEF as defined thus far is based on a molecule
situated at the center of the gap region of the Ag plas-
monic slot WG. However, typically a bulk sample with
an ensemble of molecules is measured in Raman spec-
troscopy, so the spatially averaged Raman enhancement
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factor (AEF) would be of importance. The AEF as a
function of WG length L for the different combinations
of pump excitation and Raman scattered signal collection
configurations are shown in Fig. 6. It is observed that in
general, the AEF is much higher than the SMEF when
comparing between the values attained using the same
excitation and Raman collection configuration. For ex-
ample, by employing a Ag plasmonic slot WG with L
= 50 µm and considering the case of in-plane excitation
and Raman signal collection in the backward scattered
direction, the SMEF of a molecule at the center along
the length (zm = 25 µm) is 2670 (Fig. 5); however, the
AEF considering all molecules within the WG is ∼2.1
×105 (Fig. 6), which is close to two-orders of magnitude
higher. The much higher AEF compared to SMEF is at-
tributed to the lower E-field amplitude at the center of
the Ag plasmonic slot WG gap region in comparison to
at positions closer to the metal walls. The AEF by in-
plane excitation of the WG mode is also higher than by
coupling from free space, regardless of the Raman signal
collection configuration.
In terms of Raman enhancement when measurement
on a bulk sample with an ensemble of molecules is car-
ried out, the volume enhancement factor (VEF) is defined
that also takes into account any increase or decrease in
light-matter interacton volume [Eq. (13)]. The reference
case that we consider is the Gaussian beam focused by an
objective lens with NA = 0.75, which would have a waist
diameter D0 ≈ 1.28 µm and depth of focus b ≈ 17.4 µm.
The VEF as a function of WG length L for the different
combinations of pump excitation and Raman scattered
signal collection configurations are shown in Fig. 7. While
there is an optimal L for maximum VEF for the forward
scattered configuration, the VEF actually plateaus as L
is increased for the backward scattered case. The trends
in VEF comparing between different combinations of ex-
citation and Raman scattering collection configurations
are the same as for the AEF as shown in Fig. 5. In gen-
eral, coupling the excitation beam into the WG mode
achieves much higher VEF compared to excitation from
out-of-plane, regardless of which configuration is used to
collect the Raman scattered light. From Fig. 7, the red
dashed line represents the case of out-of-plane configu-
ration for both excitation and Raman signal collection,
and VEF < 1 for all WG lengths, which is attributed
to the fact that the gap region of the Ag plasmonic slot
WG has a volume that is much smaller than the Gaus-
sian beam waist region. As such, without contributions
from SERS-type enhancement, the overall Raman scat-
tered signal for an ensemble of molecules is much lower
than by direct Gaussian beam excitation. It is observed
that the VEF (Fig. 7), for the chosen Gaussian beam ref-
erence, is in general much lower than the AEF (Fig. 6)
using the Ag plasmonic slot WG, which indicates that
in fact there is a lower interrogation volume by using the
current design in comparison to using the Gaussian beam
in free space. Nonetheless, the VEF quantifies the abil-
ity to provide Raman enhancement for an ensemble of
molecules in a bulk sample, and it is shown that employ-
ing our proposed Ag plasmonic slot WG can lead to Ra-
man enhancement factors that are close to four-orders of
magnitude higher compared to by simple Gaussian beam
excitation.
Taking the Stokes line of the Raman mode with shift
ωm = 98.7 meV at λ0 = 839 nm, the maximum VEF
of the forward scattered signal is 3480 using a Ag plas-
monic slot WG with length L = 15 µm (Fig. 7). In Ref.
18, using a HC-PCF with the core filled with water, the
intensity of the OH stretching mode at νm ≈ 3400 cm−1
(ωm = 421.5 meV) is obtained from the Raman spectrum
and compared to the reference case of measurement using
a cover slide with water on top. The equivalent Raman
enhancement factor by using a 4-cm long HC-PCF is EF
≈ 98. This means that our proposed Ag plasmonic slot
WG can achieve ∼35× higher Raman enhancement in
an on-chip integrated device that is over three-orders of
magnitude smaller in length and more than an order of
magnitude less in cross-section, compared to this exper-
imental work.
C. Comparison of Raman Enhancement Between
Different Waveguides
One of the simplest parameters that can be tuned even
for the pure metal Ag plasmonic slot WG [Fig. 2(a)] is
the width of the gap region g. In Fig. 8(a), the maximal
SMEF is presented for Ag plasmonic slot WGs with g =
20, 50, and 100 nm. By decreasing g from 50 to 20 nm,
the SMEF is increased by over an order of magnitude; at
λ0 = 839 nm for the Stokes line of Raman mode with ωm
= 98.7 meV, SMEF increases from 7.58 × 104 to 7.99 ×
105. When g is increased from 50 to 100 nm, the SMEF
conversely decreases to 1.54 × 104 at λ0 = 839 nm. The
VEF for the Ag plasmonic slot WG in general follows the
same trend as the SMEF, such that by decreasing the gap
width g, the VEF increases significantly [Fig. 9(a)]. The
magnitude of the change in VEF is highly dependent on
the Raman scattered wavelength; when g decreases from
100 to 20 nm, at λ0 = 839 nm, VEF increases from 2269
to 7373, but at λ0 = 699 nm, the change is by over an
order of magnitude from VEF = 895 to 2.22 × 104. In-
terestingly, although the VEF for the Ag plasmonic slot
WG with g = 20 nm is the highest, the optimal length to
achieve the enhancement is the lowest at Lopt = 7.5 µm
for the Raman line at λ0 = 839 nm, compared to Lopt
= 22.5 µm for the Ag plasmonic slot WG with g = 100
nm [Fig. 10(a)], which is attributed to the higher modal
loss as g is decreased. This is an indication that the Ra-
man enhancement contributed by the E-field and Purcell
enhancement (i.e., SERS-type enhancement) is stronger
compared to enhancement by increasing light-matter in-
teraction volume. It was highlighted in Section II A that
the Raman enhancement of a single molecule is due to
both E-field enhancement of the excitation light and also
Purcell enhancement of the Raman scattered photons.
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FIG. 8. Single-molecule enhancement factor (SMEF) for when the molecule location zm = 0 and by in-plane excitation and
collection of backward scattered signal (see Fig. 5), as a function of wavelength for the Ag plasmonic slot WG (PSW), with gap
width g = 50 nm, and other WGs obtained by (a) varying the gap width g: Ag PSW with gap width g = 100 nm and g = 20
nm, (b) varying the metal filling fraction fm: Ag-Si3N4 HM slot WG (HMSW) with fm = 0.8 and fm = 0.5, and (c) changing
the WG type: Ag-Si3N4 hybrid plasmonic slot WG (HPSW) and Si3N4 dielectric slot WG (DSW). Each marker indicates a
specific Stokes or anti-Stokes wavelength corresponding to one of the Raman modes as described in Section III A. The vertical
dotted line indicates the pump wavelength at λ0 = 785 nm.
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FIG. 9. Maximized volume enhancement factor (VEF) with the optimal WG length for the case of in-plane excitation and
forward scattered signal collection (see Fig. 7), as a function of wavelength for the Ag plasmonic slot WG (PSW) with gap
width g = 50 nm, and other WGs obtained by (a) varying the gap width g: Ag PSW with gap width g = 100 nm and g
= 20 nm, (b) varying the metal filling fraction fm: Ag-Si3N4 HM slot WG (HMSW) with fm = 0.8 and fm = 0.5, and (c)
changing the WG type: Ag-Si3N4 hybrid plasmonic slot WG (HPSW) and Si3N4 dielectric slot WG (DSW). The results here
are based on comparing to a reference Gaussian beam focused using an objective lens with NA = 0.75 that has a waist diameter
D0 ≈ 1.28 µm and depth of focus b ≈ 17.4 µm. Note that changing the Gaussian beam parameters will simply scale the VEF.
Each marker indicates a specific Stokes or anti-Stokes wavelength corresponding to one of the Raman modes as described in
Section III A. The vertical dotted line indicates the pump wavelength at λ0 = 785 nm.
The changes in the magnitudes of these contributions to
Raman enhancement as the gap width of the Ag plas-
monic slot WG is modified are shown in Figs. 16(a) and
17(a). Clearly, as g is decreased, the maximal E-field
enhancement factor |η(zm = 0)| increases significantly
[Fig. 16(a)]; also, the Purcell factor Fx increases for all
wavelengths (e.g., at λ0 = 839 nm, from Fx = 7.6 when
g = 100 nm to Fx = 80.1 when g = 20 nm) [Fig. 17(a)].
The increases in both |η| and Fx as the gap width is de-
creased are attributed to a decrease in energy velocity
υE, as shown in [Fig. 18(a)]. Furthermore, the decrease
in gap width leads to a higher EM field concentration
inside a smaller cross-sectional area; this contributes to
increasing the normalized E-field e(ρ) within the gap re-
gion that is responsible for increasing GWG and thus Fx
[Eq. (10)], as well as reducing the effective WG mode area
AWG that contributes to increasing |η| [Eq. (6)]. By de-
creasing the gap width of the Ag plasmonic slot WG, the
β-factor also increases dramatically over all wavelengths,
as shown in Fig. 19(a).
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FIG. 10. Optimized WG length Lopt for maximum AEF (see Fig. 7) for the case of forward scattered signal collection, as a
function of wavelength for the Ag plasmonic slot WG (PSW) with gap width g = 50 nm, and other WGs obtained by (a) varying
the gap width g: Ag PSW with gap width g = 100 nm and g = 20 nm, (b) varying the metal filling fraction fm: Ag-Si3N4 HM
slot WG (HMSW) with fm = 0.8 and fm = 0.5, and (c) changing the WG type: Ag-Si3N4 hybrid plasmonic slot WG (HPSW)
and Si3N4 dielectric slot WG (DSW). Each marker indicates a specific Stokes or anti-Stokes wavelength corresponding to one
of the Raman modes as described in Section III A. The vertical dotted line indicates the pump wavelength at λ0 = 785 nm.
From Fig. 8(b), it is observed that by changing from a
pure metal Ag plasmonic slot WG to stratified HM (Ag-
Si3N4) slot WG [Fig. 2(c)] through reducing the metal
filling fraction fm of the claddings (while keeping the
gap width constant), the increase in SMEF is not as
pronounced as by reducing the gap width of the pure
Ag plasmonic slot WG; at λ0 = 893 nm, the SMEF in-
creases to 1.51 × 105 when fm is reduced to 0.5. This
is attributed to the fact that while one of the contribut-
ing factors to Raman enhancement, namely the Purcell
factor Fx increases when fm is reduced [Fig. 17(b)], the
maximal E-field enhancement |η(zm = 0)| conversely de-
creases [Fig. 16(b)]. The energy velocity υE decreases as
fm is reduced [Fig. 18(b)], which indeed contributes to
increasing GWG and thus Fx. However, for the calcula-
tion of |η|, the effective mode area AWG is also impor-
tant [Eq. (6)]. When fm is reduced, there is an increased
EM energy density that resides within the claddings, as
shown in Fig. 20, and hence AWG increases and leads to
a decrease of |η|. An increase of EM field concentration
in the lossy HM claddings raises the WG modal loss, and
thus the effective propagation length is also reduced as
fm is decreased. Overall, it can be seen in Fig. 9(b) that
the VEF actually decreases as fm is decreased (at λ0 =
839 nm, VEF decreases to 1927 for HM claddings with
fm = 0.5), because the improvement in SMEF is not
large enough to compensate for the reduction in light-
matter interaction volume due to the reduced optimal
WG length Lopt [Fig. 10(b)]. From Fig. 19(b), it is ob-
served that the β-factor increases as fm of the HM slot
WG claddings is decreased, which follows the same trend
as for the SMEF.
Next, we compare the Raman enhancement perfor-
mance of the Ag plasmonic slot WG with two other types
of WG structures, namely the Si3N4 dielectric slot WG
and the hybrid plasmonic slot WG, as shown in Figs. 2(b)
and 2(d), respectively. Note that the gap width for each
WG remains the same at 50 nm. The trends in SMEF
and VEF by using different WG types can be observed
in Fig. 8(c) and 9(c), respectively. In general, the Ra-
man enhancement performance of the hybrid plasmonic
slot WG is in between that of the Ag plasmonic slot WG
and Si3N4 dielectric slot WG. This is attributed to the
fact that the contributing figures-of-merit, namely max-
imal |η| [Fig. 16(c)], Fx [Fig. 17(c)], and Lopt [Fig. 10(c)]
for the hybrid plasmonic slot WG are also in between
the respective values of the plasmonic and dielectric slot
WGs. As such, the β-factor for the hybrid plasmonic slot
WG also falls between the values of the Ag plasmonic and
Si3N4 dielectric slot WGs [Fig. 19(c)]. The use of the hy-
brid plasmonic slot WG serves the purpose of increasing
the effective propagation length (and thus Lopt) that in-
creases light-matter interaction volume compared to the
Ag plasmonic WG (by ∼15×); however, the SMEF is si-
multaneously much reduced, e.g., from 7.58 × 104 to 5.14
× 103 at λ0 = 839 nm.
From Fig. 9, it can be seen that for each of the different
WGs, there exists a minimum VEF at a certain wave-
length. This is due to the interplay between the maxi-
mum SMEF (SERS-type enhancement) and the Lopt (en-
hancement via increase in light-matter interaction vol-
ume) achievable with the WG. For wavelengths above
the wavelength of minimum VEF, the effective propaga-
tion lengths are relatively high due to lower modal losses
[Fig. 4(b)], which contributes to increasing the overall
VEF. On the other hand, as the wavelength decreases
below that of minimum VEF, although the propagation
loss has increased to significantly reduce Lopt (Fig. 10),
the SMEF has increased enough to compensate and yield
an overall increase in VEF.
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By using a purely dielectric WG structure, which we
present here using the Si3N4 slot WG as an example
[Fig. 2(b)], the VEF at λ0 = 839 nm is 930, which is
much lower in comparison to the plasmonic slot WG
(VEF = 3480) or the hybrid plasmonic slot WG (VEF
= 2520). In our calculations, the propagation loss of
the Si3N4 slot WG is assumed to be 10 dB/cm, which
is consistent with experimentally determined losses typ-
ical for fabricated slot WG structures85. Although the
resulting Lopt for maximal VEF is 7 mm for the Si3N4
slot WG, which is close to 3-orders of magnitude longer
than for the Ag plasmonic slot WG, the attainable maxi-
mal SMEF is only 46, and thus it exhibits comparatively
poor performance in terms of accumulated Raman en-
hancement on an ensemble of molecules of a bulk sample.
We further performed our theoretical calculations on the
HC-PCF (Model: NKT HC-800-0218), and found that
by using a 4-cm length of WG, the VEF = 660, which
is comparable to that of the Si3N4 dielectric slot WG,
although the maximal VEF is 4820 using an optimized
HC-PCF length of 75 cm. From Fig. 19(c), it is observed
that while plasmonic type slot WGs can achieve β > 0.9
(with gap widths of ≤50 nm), for dielectric type or hy-
brid plasmonic slot WGs, the β-factor is generally <0.8.
The β-factors for plasmonic slot WGs shown in this work
are comparable to those achievable in photonic crystal
WGs86. However, the advantage of using plasmonic slot
WGs is that high Purcell factors can be maintained over a
broad bandwidth of ∼400 nm (Fig. 17), whereas for pho-
tonic crystal WGs the bandwidth is typically <10 nm 86.
IV. DISCUSSION AND CONCLUSIONS
It is observed in Fig. 9 that the best VEF out of all
the WGs studied is attained by the Ag plasmonic slot
WG with 20 nm width gap, with an impressive value of
VEF = 7373 at λ0 = 839 nm in a WG length of only
7.5 µm. Notably, this value is higher than the VEF of
a 75-cm long length of HC-PCF (i.e., 5-orders of magni-
tude longer). This result emphasizes that in general for
plasmonic slot WGs, SERS-type enhancement through
the Purcell and E-field enhancement contributes more
significantly to VEF of a bulk sample compared to en-
hancement by increased light-matter interaction volume.
By changing from a dielectric WG based on total-
internal-reflection to a metal plasmonic WG, the VEF
is significantly increased, while the required length of de-
vice decreases by close to three-orders of magnitude. It
is shown that to further increase the VEF, the strategy
is to reduce the gap width; whereas the use of strati-
fied HMs for the claddings or the hybrid plasmonic slot
WG does not seem to help further improve Raman en-
hancement for a bulk sample. However, there may be
practical limits to how small the width of the gap can
be in terms of filling the gap with the analyte liquid.
In previously demonstrated work on dielectric slot WGs
for Raman spectroscopy, both Si3N4 and TiO2 slot WGs
with gap widths of 100 to 150 nm have been shown to
to effectively enhance the Raman signal beyond that by
using strip WGs21,87. The void-free filling of trenches
etched in silicon with widths as small as 20 nm (even
with depth of ∼715 nm and thus aspect ratio of ∼32) us-
ing spin-on dielectric for shallow trench isolation applica-
tion in semiconductor processing has also been shown88.
As such, the filling of nanoscale gaps of the plasmonic
slot WGs proposed in this work with analyte for Raman
spectroscopy is indeed quite feasible. However, for de-
creasing gap dimensions, nanofluidics techniques would
have to be considered in conjunction with the photonics
side of device design89–91.
Although plasmonic slot WGs achieve much lower
SMEF (on the order of 105 for Ag plasmonic WG with
20 nm gap) compared to metal dimers (also with a 20
nm gap) used in traditional SERS that are on the order
of 107 28, here we show that our proposed plasmonic slot
WGs can attain Raman enhancement factors close to pla-
nar SERS substrates for bulk sample measurements. We
borrow the plasmonic dimer structure from Ref. 28 for
comparison, in which the dimensions of each dimer gap
where the hotspot exists are 20 (gap width) × 35 × 35
nm, such that the volume of each hotspot is Vh = 2.45
× 104 nm3. By considering that the excitation Gaussian
beam waist has a diameter of ∼638 nm, only approxi-
mately 10 plasmonic dimers on the SERS substrate can
be simulataneously excited within the beam cross-section
area (Fig. 21). The achievable VEF is thus calculated by:
VEF = SMEF × 10Vh/V0, where V0 is the interrogation
volume of the reference case of Gaussian beam excita-
tion of the analyte in free space for which VEF = 1 (i.e.,
volume of the excitation Gaussian beam waist region).
Using SMEF = 4 × 107 (plasmonic dimer with resonant
wavelength of ∼785 nm, and for the Stokes line of Raman
mode with ωm = 98.7 meV at λ0 = 839 nm)
28, the VEF
is ∼7000, which is similar to that achievable by using the
Ag plasmonic slot WG.
The main advantage of utilizing metal based plasmonic
slot WGs for enhanced Raman spectroscopy in bulk sens-
ing would be the potential for integration along with
other components such as excitation source and spec-
trometer on a single planar chip, and also the ultra-low
volume of analyte required for sensing (<1 fL). Tradi-
tional SERS substrates not only has the problem of un-
stable hotspots and the requirement for functionaliza-
tion of the metal surface, a bulky setup for excitation
and collection of Raman scattered signal is often neces-
sary. Using dielectric WGs such as HC-PCF or even in-
tegrated on-chip, the required analyte volume is several
orders of magnitude larger, and the maximum Raman
enhancement achievable is less than by using a metal
plasmonic slot WG. Moreover, the guided mode of the
plasmonic slot WG has over 99% of its power contained
in the gap region where light-matter interaction takes
place [Fig. 20(a)], which not only maximizes pump power
delivered to the sensing region, but also eliminates any
background Raman signal not produced by the analyte
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molecules. Using a dielectric slot WG, only ∼30% of the
mode power resides within the gap region, meaning that
the WG material itself generates unwanted background
Raman signal. Another attribute of WG based Raman
sensing is that the bandwidth over which large Raman en-
hancement can be maintained is significantly wider com-
pared to SERS on a nanostructured surface. The en-
hancement factor does not drop below one-order of mag-
nitude lower than the maximum value in a wide band-
width of ∼400 nm (Fig. 9), whereas for the traditional
SERS substrate, this bandwidth is only ∼300 nm28.
In summary, the plasmonic slot WGs proposed in
this work applied to enhancing Raman spectroscopy are
promising devices for future ultra-compact Raman sen-
sors, with potential for dense integration within on-chip
systems containing different technologies including pho-
tonics, electronics, and nanofluidics.
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Appendix A: Calculation of Energy Velocity and
Waveguide Mode Normalization
The energy velocity is given by92
υE =
〈Sz〉
〈W〉 , (A1)
where the time-averaged power flow, for a WG mode
traveling in the z direction, is
〈Sz〉 = 1
2
ˆ
S
Re
[
Ekω (ρ)×H∗kω (ρ)
] · zˆdρ (A2)
and the time-averaged energy per length is in general
〈W〉 = ´
S
w(ρ)dρ. The quantity within the integral
w(ρ) = we(ρ) + wh(ρ) is the energy density that con-
sists of both the electric and magnetic field components
as specified by we and wh, respectively. The integra-
tion runs over the area of the 2-D simulation region that
includes the WG cross-section [Fig. 12(a)]. For metallic
materials that can be described by the Drude-Lorentz
medium model, the E-field energy density is93,94
we =
ε0
4
[
1 +
ω2p
ω2 + Γ2
]
|Ekω |2, (A3)
where ωp is the plasma frequency and Γ is the damping
rate. For a lossless dispersive material, the energy density
of the electric field is generalized to95,96
we =
ε0
4
[
Ekω ·
∂(ωε(ω))
∂ω
·E∗kω
]
, (A4)
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FIG. 11. Normalized energy and group velocities (υ/c) as a
function of wavelength for (a) Si3N4 dielectric slot WG (α =
1.398 × 10−4 µm−1 at λ = 785 nm), (b) hollow-core photonic
crystal fiber - Model: NKT Photonics HC-800-02 (α = 2.174
× 10−6 µm−1 at λ = 785 nm), (c) Ag plasmonic slot WG with
gap width g = 50 nm (α = 0.0691 µm−1 at λ = 785 nm), and
(d) Ag-Si3N4 HM slot WG with fm = 0.5 (α = 0.224 µm
−1
at λ = 785 nm).
where ε(ω) is in general the frequency-dependent rela-
tive permittivity tensor. Based on the Drude-Lorentz
medium model for metals, the permittivity is given by
ε(ω) = 1− ω
2
p
ω2 + iΓω
, (A5)
which is employed to obtain Eq. (A3). Since the materials
that we are investigating are non-magnetic, the magnetic
field energy density is simply wh = 1/4µ0|Hkω |2, with the
relative permeability µ(ω) = 1.
From Fig. 11, it can be observed that in general, the
energy velocity of a WG mode is different from its group
velocity (an approximation based on the assumption of
a medium possessing small dispersion97). For a lossless
WG, such as the Si3N4 slot WG and the hollow-core pho-
tonic crystal fiber, the group velocity is very close to the
energy velocity [Fig. 11(a) and 11(b)]. However, for a WG
exhibiting appreciable loss, such as the Ag plasmonic and
HM slot WGs, the energy velocity deviates significantly
from the group velocity, and the larger the absorption,
the lower the energy velocity is compared to the group
velocity [Figs. 11(c) and 11(d)].
The normalized modal field ekω (ρ) is obtained by first
using the commercial mode solver from Lumerical30 to
capture Ekω (ρ), and then normalized by the scheme
ekω (ρ) = ε0
Ekω (ρ)√〈W〉 , (A6)
where 〈W〉 has been given earlier in this Appendix. This
normalization is also discussed in Refs. 98 and 32, but
here it is generalized for lossy and dispersive media.
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Appendix B: Comparison of Different Waveguide
Green Function Formulations
The Green function GWG as shown in Eq. (4) is ap-
plicable to WGs that are inherently lossy. Also note
that, as specified in Ref. 99, this form of the Green func-
tion includes an additional factor of ω2/c2 = k20 relative
to other common sources29, since we use the following
source equation:
∇×∇×G(r, r′;ω)− ω
2
c2
ε(r, ω)G(r, r′;ω) =
ω2
c2
Iδ(r−r′).
(B1)
An alternative form of the WG Green function is26
GWG,1(r, r
′;ω) = −Ekω (ρ)E
∗
kω
(ρ′)eik˜(z−z
′)
2iωµ0S
, (B2)
where S =
´
S
Re
[
Ekω (ρ)×H∗kω (ρ)
] · zˆdρ, and the in-
tegral is over the 2-D simulation area that contains the
WG cross-section [Fig. 12(a)].
The equivalence between Eq. (4) and Eq. (B2) is pre-
sented here. The Green function of the forward propa-
gating mode (z > z′) is
GWG,2(r, r
′;ω) =
iω
2υE
ekω (ρ)e
∗
kω (ρ
′)eik˜(z−z
′). (B3)
Without WG loss, the time-averaged energy per length
can be calculated by utilizing Eq. (A4), and it becomes
〈W〉 =1
4
ˆ
S
[
ε0Ekω (ρ) ·
∂(ωε(ρ, ω))
∂ω
·E∗kω (ρ)
+ µ0Hkω (ρ) ·H∗kω (ρ)
]
dρ. (B4)
Also, the time-averaged power flow is simply given by
〈Sz〉 = 12S. The Green function expression in Eq. (B3)
can be expanded by using Eqs. (A1) and (A6), which be-
comes
GWG,2(r, r
′;ω) =
iωε0Ekω (ρ)E
∗
kω
(ρ′)eik˜(z−z
′)
2S
. (B5)
By using the identity c = 1/
√
ε0µ0, the expression for
the WG Green function would be
GWG,2(r, r
′;ω) = −k
2
0Ekω (ρ)E
∗
kω
(ρ′)eik˜(z−z
′)
2iωµ0S
, (B6)
which is equivalent to Eq. (B2) with an additional factor
k20, as expected.
Appendix C: Derivation of the Field Enhancement
Factor
In the calculation of the E-field enhancement |η(zm)|
presented here, which can be used to determine the ef-
fective excitation amplitude seen by the molecule in the
presence of the WG, it is assumed that there is no cou-
pling loss from the Gaussian beam to the WG mode, such
that the power of the Gaussian beam P0 is completely
transferred to become the WG mode power at the in-
put facet PWG,0. The details of coupling loss are treated
separately as the result would just be an efficiency value
that serves to decrease PWG,0. Due to the lossy nature of
the WGs investigated, the power within the WG would
also decrease as a function of propagation distance away
from the input facet, such that the WG power becomes
PWG(zm) = PWG,0e
−αP zm , where αp = 2κp is the WG
modal loss at the pump wavelength, and thus |η| would
also be dependent on the molecule location along the WG
zm.
From Eq. (A1), it can be deduced that the WG
mode energy per unit length is given by 〈WWG〉 =
〈SWGz 〉/υE = PWG/υE. Similarly, for the Gaussian beam
that is propagating at a speed c/nB within the back-
ground medium, the energy per unit length is 〈W0〉 =
P0nB/c. From Eq. (B4), it is seen that the approxima-
tion 〈WWG〉 = 1/4ε0
´
S
|EWG(ρ)|2dρ can be made, where
the “WG” subscript in EWG implicitly specifies that it
is the modal E-fields. Similarly, it is estimated that
〈W0〉 = 1/4ε0
´
S
|E0(ρ)|2dρ. By the Mean Value The-
orem for integrals100 [also shown in Eq. (E3)], 〈WWG〉 =
1/4ε0|EWG,avg|2AWG and 〈W0〉 = 1/4ε0|E0,avg|2A0,
where |EWG,avg| and |E0,avg| are the average E-field am-
plitudes of the WG mode and the Gaussian beam waist,
respectively. Also, AWG and A0 are the effective WG
mode area and the area of the Gaussian beam waist, re-
spectively. The field enhancement can thus be formulated
as follows:
|η(zm)|2 = |EWG,avg|
2
|E0,avg|2 =
PWG(zm)
P0
c
nBυE
A0
AWG
=
PWG,0
P0
c
nBυE
A0
AWG
e−αP zm . (C1)
Since it is assumed that there is no coupling loss from
the Gaussian beam to the WG mode, PWG,0 = P0, and
thus we arrive at
|η(zm)|2 = c
nBυE
A0
AWG
e−αpzm . (C2)
Due to the utilization of the average E-field amplitudes of
the WG mode and the Gaussian beam waist in Eq. (C1),
|η| is only dependent on molecule location along the WG
length zm, but not its location within the WG cross-
section ρm.
Lastly, the effective WG mode area is given by
AWG =
1
max{w(ρ)}
ˆ
AWG
w(ρ)dρ, (C3)
where max{w(ρ)} is the maximum WG mode energy den-
sity w(ρ) at a certain cross-section location ρ within the
WG mode area.
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Appendix D: Accounting for Propagation Effects
and Integration Geometries for Different Raman
Signal Collection Configurations
For the cases of Raman scattered light in the for-
ward or backward direction coupled to the WG mode
[Fig. 1(a)], the calculation of |G(rD, rm;ω) · n|2 requires
the use of the WG Green function GWG(r, r
′;ω) as shown
in Eq. (4). In these cases, the molecule location rm can be
separated into the location within the WG cross-section,
ρm, and the location along the length of the WG, zm.
Similarly, the detection location rD can be separated into
ρD and zD. For Raman scattering in the forward direc-
tion to the end facet of the WG, the relevant Green func-
tion is GWG(ρD, z = L;ρm, z = zm;ω), where L is the
length of the WG; and for Raman scattering in the back-
ward direction to the input facet of the WG, the Green
function would be GWG(ρD, z = 0;ρm, z = zm;ω). The
integration geometry to calculate P SM in Eq. (2) for both
the cases of forward and backward Raman scattering is
thus the 2-D cross-section area that encompasses the WG
mode, as shown in Fig. 12(a).
For the case of Raman scattering in the out-of-plane
direction [Fig. 1(a)], the calculation of |G(rD, rm;ω) ·
n|2 requires the use of the free space Green function
GB(r, r
′;ω), which is obtained analytically and only de-
pends on the position r with respect to the molecule
location101. The Raman scattered power P SM is thus
calculated with the integration area AD corresponding to
that of the spherical cap centered at the molecule loca-
tion and with angle θ set to correspond to the numerical
aperture of the WG mode: NA = nB sin θ. A schematic
of the integration geometry is shown in Fig. 12(b), and
the spherical cap surface area is given by Asph.cap. =
2pir2(1 − cosθ), where r can be arbitrarily set, because
an increase in r increases Asph.cap. but simultaneously
decreases the Raman scattered power per area as GB de-
cays as a function of r. Similarly, GB and the spherical
cap integration geometry as shown in Fig. 12(b) are em-
ployed in the calculation of |G(rD, rm;ω) · n|2 and thus
the Raman scattered power for a molecule in free space,
P SM0 .
Appendix E: Derivation of Spatially Averaged
Raman Enhancement Factor
Commonly in Raman spectroscopy, an ensemble of
molecules is excited and the accumulated Raman scat-
tered light from them is measured. A WG serves to in-
crease significantly the number of molecules that interact
with the pump light as it propagates along the WG via
the mode that it is coupled to. The molecules in the
vicinity of the WG are at different locations, in terms of
both the cross-section position ρm and the position along
the WG length zm, which means that the Raman scat-
tered power from each molecule P SM is different due to
the position-dependent E-field amplitude and WG modal
loss, as detailed in Section II A.
The spatially averaged Raman enhancement factor
(AEF) is given in Eq. (12) and it is reiterated here:
AEF(L) =
´ L
zm=0
´
Am
P SM(rm)dρmdzm
P SM0 AmL
, (E1)
which is dependent on both the excitation and Raman
signal collection configurations, because the calculation
of P SM as described in Subsection II A is also depen-
dent on the way in which pump light is coupled into
the WG and Raman scattered light is collected. The
Raman scattered power of a single molecule detected in
the forward, backward, and out-of-plane directions are
denoted as P SMF , P
SM
B , and P
SM
O , respectively. Note that
in this formulation, we ignore the effects of molecule in-
teractions as the influence of dipole-dipole coupling is
in general negligible for liquid samples55. As well, due
to the low pump intensities typically utilized in Raman
spectroscopy18, which we also adopt in our calculations,
the effect of stimulated Raman scattering would not be
present59,60, and thus it is not considered in our calcula-
tions.
In order to determine the AEF as a function of WG
length more easily, it is necessary to decompose the in-
tegrand in Eq. (E1) into its components; one can do this
by taking a closer look at the formulation of P SM in
Eq. (2), and in particular the different components of
S(rD, rm, ω) as shown in Eq. (3). First, the prefactor B
in S(rD, rm, ω) is only dependent on zm but not on the
cross-sectional position ρm. Although the second term
of S(rD, rm, ω), namely S0(rm, ω), is a function of the
molecule location rm through Im{GWG,nn(rm, rm;ω)},
actually Jph is negligible in comparison to γmn¯
th for typ-
ical excitation intensities on the order of 10s of mW/cm
2
,
and thus Im{GWG,nn(rm, rm;ω)} in general does not
have much effect on the value of S0(rm, ω). This means
that S0(ω) is close to a constant value as a function of
spatial position and can be factored out of the integrals
in Eq. (E1) as a valid approximation. For simplicity, it
is evaluated only at the position with zm = 0 and ρm at
the center of the gap region in a slot type WG.
Finally, the remaining term in Eq. (3) is |G(rD, rm;ω) ·
n|2, which is dependent on both the molecule location rm
and the detection location rD. The molecule location rm
is determined by both the position along the WG zm and
the position within the cross-section ρm. In the case of
forward scattering along the WG, the detection location
rD is defined with zm = L (at the end facet) and ρD being
the range of all cross-section locations; in the backward
scattering case, zm = 0 (at the input facet). For out-
of-plane scattering, rD represents the range of locations
defined by the spherical cap area as shown in Fig. 12(b).
More details of the detection area calculation for out-of-
plane scattering is given in Appendex D. The full spatial
integration of this term, namely |G(rD, rm;ω) · n|2 for
the forward scattering case, running over the set of pos-
sible molecule locations along the WG and within the
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FIG. 12. Representation of the integration geometry for obtaining Raman scattered power when the molecule of interest is (a)
in the vicinity of a WG modeled using Lumerical MODE30, and (b) when in free space treated analytically, respectively.
cross-sectional area, and also the detection area can be
expressed as
Spat. Int. =
ω2
4υ2E
ˆ L
zm=0
e−αR(L−zm)
ˆ
Am
|ekω,n(ρm)|2dρm
ˆ
AD
|ekω,n(rD)|2drD, (E2)
where αR = 2κR is the WG modal loss at the Raman
scattered wavelength, and ekω,n is the component of the
normalized WG modal complex E-field in the direction
n. As such, it can be seen that the integral running
over Am in Eq. (E1) only needs to be applied to the
term |ekω,n(ρm)|2, and the integral along the WG from
z = zm to the end facet at z = L is isolated to the
term e−αR(L−zm). This means that the calculation for
the AEF as given in Eq. (E1) can be much simplified and
more intuitive.
By applying the Mean Value Theorem for integrals100
to the integration that runs over Am in Eq. (E2), it can
be seen that in fact the average normalized modal E-field
ekω,avg can be utilized, such thatˆ
Am
|ekω,n(ρm)|2dρm = |ekω,avg,n|2Am, (E3)
where ekω,avg,n is the component of the average
normalized E-field in the n-direction, and the av-
erage normalized E-field is given by ekω,avg =
1/Am
´
Am
ekω (ρm)dρm. In this way, the AEF in the
forward direction in Eq. (E1) can now be expressed as
AEFF(L) =
´ L
zm=0
P SMF,avg(zm)Amdzm
P SM0 AmL
=
´ L
zm=0
P SMF,avg(zm)dzm
P SM0 L
, (E4)
where P SMF,avg(zm) is the average Raman scattered power
per single molecule in the forward direction that reaches
the end facet; this is also calculated by Eq. (2), but now
employing the average normalized E-field ekω,avg (except
for the integral in Eq. (E2) that runs over AD), and it is
assumed that the molecule location within the WG cross-
section ρm is at the center of the gap region (for a slot
type WG).
Further simplication is obtained by factoring out the
z-dependent terms in P SMF,avg(zm) [i.e., within Eqs. (C2)
and (E2)], so that
P SMF,avg(zm) = P
SM
F,avg(zm = 0, L→ 0)e−αPzme−αR(L−zm),
(E5)
in which αP = 2κP and αR = 2κR are the modal
losses at the pump and Raman scattered wavelengths,
respectively. The term P SMF,avg(zm = 0, L → 0) repre-
sents the Raman scattered power in the limiting case
when the molecule is at the input facet and the length
of the WG approaches zero, which is denoted P SMF,avg,0.
Equation (E5) is valid when the pump E-field ampli-
tude E0 is sufficiently low such that Jph is too small
to significantly influence the value of S0 [Eqs. (7) and
(8)]. Similarly, the average Raman signal power from
a molecule detected in the backward scattered direction
is given as P SMB,avg(zm) = P
SM
B,avg,0e
−αPzme−αRzm , where
P SMB,avg,0 = P
SM
B,avg(zm = 0, L → 0). As such, the inte-
gral in Eq. (E4) can be evaluated analytically, and thus
the AEF for the cases of detection in the forward and
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backward directions along the WG are, respectively,
AEFF(L) = (E6)
P SMF,avg,0
P SM0
e−αRL
L
1
αR − αP
[
e(αR−αP )L − 1
]
,
AEFB(L) = (E7)
P SMB,avg,0
P SM0
1
L(αR + αP )
[
1− e−(αR+αP )L
]
.
For the case of out-of-plane scattering, the last term in
Eq. (3) is not dependent on the WG loss, as the Raman
scattered light is propagated in free space. As such, the
AEF detected in the out-of-plane direction with respect
to the WG becomes
AEFO(L) =
P SMO,avg,0
P SM0
1− e−αPL
αPL
, (E8)
where P SMO,avg,0 = P
SM
O,avg(zm = 0, L → 0). The aver-
age single-molecule enhancement factor can then be de-
fined as SMEFavg = P
SM
avg /P
SM
0 [similar to in Eq. (1)],
where P SMavg can either be P
SM
F,avg, P
SM
B,avg or P
SM
O,avg depend-
ing on the collection configuration of Raman scattering
[Fig. 1(a)].
From Eqs. (E6), (E7), and (E8), the spatially averaged
Raman enhancement factor (AEF) in the forward, back-
ward, and out-of-plane scattered directions become, re-
spectively,
AEFF(L) = SMEFF,avg,0 e
−αRL 1
L
[
e(αR−αP )L − 1
αR − αP
]
,
(E9)
AEFB(L) = SMEFB,avg,0
1
L
[
1− e−(αR+αP )L
αR + αP
]
, (E10)
AEFO(L) = SMEFO,avg,0
1
L
[
1− e−αPL
αP
]
, (E11)
where SMEFF,avg,0 = SMEFF,avg(zm = 0, L → 0),
SMEFB,avg,0 = SMEFB,avg(zm = 0, L → 0), and
SMEFO,avg,0 = SMEFO,avg(zm = 0, L → 0). Note that
in each of Eqs. (E9), (E10), and (E11), the expression
inside the square brackets represents the effective light-
matter interaction length within the WG for that specific
Raman signal collection configuration.
Appendix F: Raman Enhancement for Different
Rhodamine 6G Modes
In this Appendix, we present the results of Raman en-
hancement by the Ag plasmonic slot WG with gap width
of 50 nm in terms of both SMEF and VEF for differ-
ent Raman modes of the Rhodamine 6G (R6G) molecule.
Here, we use a few Raman modes of R6G as well as the C-
H vibrational Raman mode as examples, each with a dis-
tinct Raman shift νm and the associated Raman activity
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FIG. 13. Single-molecule enhancement factor (SMEF) of a
molecule, at the input facet (zm = 0) of an Ag plasmonic slot
WG with gap width g = 50 nm and also at the center of the
gap region in terms of x-y position, as a function of detection
location zd along the WG, for different Raman lines. Solid:
Stokes; dashed: anti-Stokes. Raman modes are indicated by
black: ωm = 98.7 meV, blue: ωm = 160.0 meV, red: ωm
= 193.5 meV, and green: ωm = 371.9 meV. Inset shows a
magnified view of the plot for zd = 0 to 5 µm.
RA = R2nn. The R6G Raman modes that we utilize have
shifts of νm,1 = 819 cm
−1 (ωm = 98.7 meV, RA = 6.2
A˚
4
amu−1 = 3.73 ×10−13 m4kg−1), νm,2 = 1290.5 cm−1
(ωm = 160.0 meV, RA = 5.9 A˚
4
amu−1 = 3.55 ×10−13
m4kg−1), and νm,3 = 1559 cm−1 (ωm = 193.5 meV, RA
= 8.2 A˚
4
amu−1 = 4.94 ×10−13 m4kg−1)102. The C-H vi-
brational Raman mode has shift νm,4 = 3000 cm
−1 (ωm
= 371.9 meV, RA = 7 A˚
4
amu−1 = 4.22 ×10−13 m4kg−1).
The decay rate of the Raman modes γm is taken to be
1.6 meV.
We consider the scenario in which a single R6G
molecule is located at the input facet of the WG at zm =
0 (also at the center of the slot region in the x-y plane).
The SMEF for Raman scattered light coupled to the WG
mode decays exponentially as a function of the detection
location along the WG, or equivalently, the propagation
distance zd [Fig. 13(a)]. The zd dependence is simply due
to propagation (modal) loss of the WG mode carrying
the Raman scattered light, which leads to exponential
decay of the Raman scattered power P SM as a function
of zd; the modal EM field distribution at the 2-D cross-
section is invariant along the WG length, so only the
total field amplitude or mode power decays. As seen in
Fig. 13(a), the maximal SMEF is achieved when zd = 0,
which varies amongst the different Raman modes. The
trends in the maximal SMEF and decay rates of SMEF
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FIG. 14. Volume enhancement factor (VEF) for molecules
within the gap region of an Ag plasmonic slot WG with gap
width g = 50 nm as a function of WG length L for different
Raman lines (forward scattered direction). The results here
are based on comparing to a reference Gaussian beam focused
using an objective lens with NA = 0.75 that has a waist diam-
eter D0 ≈ 1.28 µm and depth of focus b ≈ 17.4 µm. Note that
changing the Gaussian beam parameters will simply scale the
VEF. Solid: Stokes; dashed: anti-Stokes. Raman modes are
indicated by black: ωm = 98.7 meV, blue: ωm = 160.0 meV,
red: ωm = 193.5 meV, and green: ωm = 371.9 meV. Note
that the much higher peak VEF for the anti-Stokes line of
Raman mode with ωm = 371.9 meV (dashed green) is due to
the high maximum SMEF (Fig. 5(a) inset), which in turn is
due to the low υE [see Fig. 4(c)].
as a function of zd for the Stokes and anti-Stokes lines as
shown in Fig. 13(a) are most strongly correlated with the
WG dispersion rather than due to the intrinsic properties
of the R6G Raman modes such as the Raman activities
RA = R2nn and Raman shifts νm. More specifically, it
can be observed that the maximal SMEF for the Stokes
lines increases as the Raman wavelength increases, which
is mainly a result of the decrease in energy velocity υE
[Fig. 4(c)]. Similarly for the anti-Stokes lines, as the Ra-
man wavelength is decreased, υE decreases, which results
in the increase in maximal SMEF as well. As seen in
Fig. 13(a), the SMEF for the Stokes lines all decay at
similar rates, which is attributed to the fact that the
modal losses α varies only over a small range [Fig. 4(b)];
whereas for the anti-Stokes lines, the larger increase in α
as wavelength decreases causes the SMEF to decay at a
faster rate as a function of zd.
In terms of volume Raman enhancement for the case
of measurement on a bulk sample with an ensemble of
molecules, the VEF as a function of WG length L for
the different R6G Raman modes are shown in Fig. 14.
In general, the maximal VEF at the optimal WG length
Lopt should increase as the maximal SMEF is increased.
However, note that in our calculations, the AEF taken
at all spatial points in the gap region is used (Appendix
E) instead of just the SMEF taken at a single spatial
point (i.e., the center of the gap region). As such, the
trend of the maximum VEF for the different Raman lines
as shown in Fig. 14 would not follow exactly that of the
trend in the maximal SMEF shown in Fig. 13. Looking at
the Stokes lines, as the wavelength is increased, the max-
imal VEF also increases, which actually follows the same
trend as for the maximal SMEF (Fig. 13). It can be seen
that the optimal WG length Lopt that achieves the max-
imal VEF also increases as the wavelength is increased,
which is due to the reduction in modal loss [Fig. 4(b)].
The trend in the maximal VEF for the anti-Stokes lines is
less obvious, as it does not quite follow the trend in max-
imal SMEF shown in Fig. 13, and this can be attributed
to the point just mentioned, specifically that the VEF is
calculated by utilizing the AEF within the gap region of
the slot WG. For the anti-Stokes lines, Lopt for maximal
VEF are much lower than for the Stokes lines, which fol-
lows from the higher WG modal losses experienced by
the anti-Stokes lines [Fig. 4(b)].
Appendix G: Additional Figures
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FIG. 15. (a) Propagation loss and fraction of E-field intensity
within gap region of the Ag-Si3N4 hybrid plasmonic slot WG
(HPSW) as a function of the width of the left Si3N4 cladding
at the pump wavelength of λ0 = 785 nm. Other dimensions
of the HPSW are: height = 150 nm, Ag width = 25 nm, gap
width g = 50 nm, and right Si3N4 cladding width = 250 nm.
(b) Magnified plot of the fraction of E-field intensity within
gap region as a function of the width of the left Si3N4 cladding
from 250 to 320 nm.
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FIG. 16. E-field enhancement factor |η| of a molecule at the center of the gap region in terms of x-y position as a function
of molecule location along the WG zm at the excitation wavelength λ0 = 785 nm for the Ag plasmonic slot WG (PSW) with
gap width g = 50 nm, and other WGs obtained by (a) varying the gap width g: Ag PSW with gap width g = 100 nm and
g = 20 nm, (b) varying the metal filling fraction fm: Ag-Si3N4 HM slot WG (HMSW) with fm = 0.8 and fm = 0.5, and (c)
changing the WG type: Ag-Si3N4 hybrid plasmonic slot WG (HPSW) and Si3N4 dielectric slot WG (DSW). Inset of (b) shows
a magnified view of the plot for zm = 0 to 2 µm.
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FIG. 17. Purcell factor for dipole oriented in the x-direction Fx (Eq. 10) as a function of wavelength for the Ag plasmonic slot
WG (PSW) with gap width g = 50 nm, and other WGs obtained by (a) varying the gap width g: Ag PSW with gap width g
= 100 nm and g = 20 nm, (b) varying the metal filling fraction fm: Ag-Si3N4 HM slot WG (HMSW) with fm = 0.8 and fm =
0.5, and (c) changing the WG type: Ag-Si3N4 hybrid plasmonic slot WG (HPSW) and Si3N4 dielectric slot WG (DSW). Each
marker indicates either the pump wavelength or a specific Stokes or anti-Stokes wavelength corresponding to one of the Raman
modes as described in Section III A.
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FIG. 18. Normalized energy velocity υE/c as a function of wavelength for the Ag plasmonic slot WG (PSW) with gap width
g = 50 nm, and other WGs obtained by (a) varying the gap width g: Ag PSW with gap width g = 100 nm and g = 20 nm,
(b) varying the metal filling fraction fm: Ag-Si3N4 HM slot WG (HMSW) with fm = 0.8 and fm = 0.5, and (c) changing the
WG type: Ag-Si3N4 hybrid plasmonic slot WG (HPSW) and Si3N4 dielectric slot WG (DSW). Each marker indicates either
the pump wavelength or a specific Stokes or anti-Stokes wavelength corresponding to one of the Raman modes as described in
Section III A.
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FIG. 19. β-factor as a function of wavelength for the Ag plasmonic slot WG (PSW) with gap width g = 50 nm, and other
WGs obtained by (a) varying the gap width g: Ag PSW with gap width g = 100 nm and g = 20 nm, (b) varying the metal
filling fraction fm: Ag-Si3N4 HM slot WG (HMSW) with fm = 0.8 and fm = 0.5, and (c) changing the WG type: Ag-Si3N4
hybrid plasmonic slot WG (HPSW) and Si3N4 dielectric slot WG (DSW). Each marker indicates a specific Stokes or anti-Stokes
wavelength corresponding to one of the Raman modes as described in Section III A.
FIG. 20. Electromagnetic energy density distribution w(ρ) [J/m3] (see Appendix A for derivation) in x-y cross-section of (a)
Ag plasmonic slot WG, (b) Ag-Si3N4 HM plasmonic slot WG with fm = 0.8, and (c) Ag-Si3N4 HM plasmonic slot WG with
fm = 0.5; each WG has gap width g = 50 nm. The color bar is in linear scale (normalized units), and the plots are normalized
to the same maximum w(ρ).
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FIG. 21. Schematic of Gaussian beam waist on a SERS sub-
strate surface with an array of plasmonic dimers; only ∼10
dimers can be excited by the Gaussian beam with waist di-
ameter ∼638 nm.
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